Using first-principles density functional theory, we have investigated the electronic and magnetic properties of recently synthesized and characterized 4d-5d double-perovskites Sr2BOsO6 (B=Y, In, Sc). The electronic structure calculations show that in all compounds, the Os 5+ (5d 3 ) site is the only magnetically active one, while Y 3+ , In 3+ and Sc 3+ remain in nonmagnetic states, with Sc/Y and In featuring d 0 and d 10 electronic configurations, respectively. Our studies reveal the important role of closed-shell (d 10 ) versus open-shell (d 0 ) electronic configurations of the nonmagnetic sites in determining the overall magnetic exchange interactions. Although the magnetic Os 5+ (5d 3 ) site is the same in all compounds, the magnetic super-exchange interactions mediated by non-magnetic Y/In/Sc species are strongest for Sr2ScOsO6, weakest for Sr2InOsO6, and intermediate in case of the Y (d 0 ), due to different energy overlaps between Os-5d and Y/In/Sc-d states.
Introduction
Double-perovskite oxides with the general formula A2BB'O6 are extensively studied and have attracted enormous attention from material science communities over decades owing to their diverse physical properties such as colossal magneto-resistance (e.g., Sr2FeMoO6 [1] ), multiferroicity (e.g., Ba2NiMnO6 [2] ), room temperature magneto-dielectric properties (e.g., La2NiMnO6 [3] ), optical properties (e.g., Sr2CrReO6 [4] ), high TN ferrimagnetism (e.g., Sr2CrOsO6 [5] ), ferromagnetic-insulator (e.g., Ca2CrSbO6 [6] ), half metallicity (e.g., A2CrWO6 [7] ) and metallicity (e.g., Sr2CrReO6 [8] ). The key elements dictating these properties are transition metals with different d orbitals in the B and B' sub-lattices. Individually the B and B' sub-lattices form two fcc lattices. The entire structure is a combination of two interpenetrating fcc lattices, each of which exhibits intrinsic geometric frustration. The wide range of choices for the B and B' ions, provide a great tunability of intra-and inter-sublattice interactions. The subtle competition between different exchange interactions can lead to exotic magnetic phases such as, antiferromagnetic (AFM) transitions in the 3d-5d double-perovskites Sr2CoOsO6 [9, 10] and Sr2FeOsO6 [11, 12] . Here, the long-range Os-Co/Fe-Os coupling is found to be surprisingly large mediated by the magnetic Co (3d 7 )/Fe (3d 5 ).
To investigate the general trend of long-range 5d-5d exchange coupling, it was considered that d 0 and d 10 configurations at the B site represent two extreme cases for non-magnetic cations. Recently compounds Sr2ScOsO6 (SSOO), Sr2YOsO6 (SYOO), and Sr2InOsO6 (SIOO) with the AFM transition temperatures TN=92, 53, and 27 K respectively have been synthesized [13, 14] . They display a surprisingly large range of magnetic ordering temperatures, which obviously depend on the type of the non-magnetic B cation incorporated [13, 14] . To rationalize the causes of such unexpected behavior, we address these observations in the present theoretical study. The effect of electron filling on magnetic properties has been discussed for other materials in the previous literature [15, 16] .
In this work, we focus on SYOO and SIOO, both of which have a nonmagnetic B-4d site and a magnetic B'-5d site [Os 5+ (d 3 )], to investigate the effect of the nonmagnetic cations on the Os-Os exchange couplings. For SYOO, the nonmagnetic site Y 3+ has a 4d 0 open shell configuration. In SIOO, In 3+ has a closed shell 4d 10 configuration. These ions provide an ideal platform to compare the d 0 and d 10 cases. In addition, SSOO is similar to SYOO in that, the only difference is the presence of the 3d Sc 3+ ion at the nonmagnetic site, which offers an opportunity to explore 4d versus 3d cases. We have performed electronic structure calculations based on density-functional theory (DFT) and have analyzed the shortrange and long-range magnetic exchange interactions of the Os sub-lattice. Our calculations reveal that the short-range Os-Os interactions are much stronger than the long-range ones, unlike other double-perovskites such as Sr2CoOsO6 [9, 10] and Sr2FeOsO6 [11, 12] . We find that the exchange coupling depends strongly on the overlap between the Os-5d and Y/In/Sc-d states in same energy window. The hybridization between Os-5d and In-4d is much smaller in the d 10 close-shell case than that in the d 0 open-shell case, which results in the amplitudes of Os-Os coupling being smaller in the In compound than in the Y and Sc compounds. The smaller exchange coupling in the Y compound versus Sc is attributed to a similar origin, wherein the hybridization of Sc-3d states with the Os-5d states in the density of states (DOS) is greater than that for Y-4d.
Thus, we can successfully explain the varied trend in the Neel temperatures observed experimentally.
Crystal Structure and Computational Details:
SYOO, SIOO and SSOO crystallize in a monoclinic structure with space group P21/n. The theoretically optimized structures are obtained by relaxing the atomic positions of all atoms, while keeping the lattice parameters fixed at their experimentally determined low-temperature (2.9 K) values [13] . The structures consist of alternating corners sharing distorted BO6 (B=Y, In, Sc) and OsO6 octahedron with Sr atoms situated at the void positions between the two types of octahedron. Table I . The DFT calculations are performed with the plane-wave basis set based on a pseudo-potential framework, as implemented in the Vienna ab-initio simulation package (VASP) [17] . The generalized gradient approximation (GGA) exchange-correlation functional is employed following the Perdew-Burke-Ernzerhof prescription [18] for calculating the electronic structures. Further the effect of correlation on the electronic structure was investigated by performing additional GGA+U [19, 20] calculations. For the plane-wave basis, a 600 eV plane-wave cutoff is applied and a k-point mesh of 8 × 8 × 6 in the Brillouin zone is used for the self-consistent calculations. 
Results and Discussions
First we investigate the electronic structure within GGA prescription and the calculated ferromagnetic (FM) DOS is shown in Os-eg states are completely empty in both channels. The calculated GGA magnetic moments at the Os site are 2.03, 1.99, and 1.97 μB for SYOO, SIOO and SSOO respectively, and are consistent with the experimentally measured effective magnetic moments [13] . The Y/In/Sc sites remain non-magnetic with zero Os-t2g degrees of freedom. To reveal the effect of the Coulomb U, on the electronic structure, we did a systematic analysis of electronic structure with Ueff Os = 1 to 3 eV [14, 27] , (shown in supplementary [35] Fig.1 and Table. I) and found that, a systematic increment in the band gap and magnetic moments at the Os site take place, however no significant changes occurred in the electronic structure, spin states of the compounds in the entire range of U compared to GGA calculations.
Experimental measurements [13] show that the AFM transition temperatures (TN) of these compounds are very different. To understand the trend in TN, we decided to calculate the magnetic exchange interactions with DFT based first-principles calculations. Exchange interactions can be calculated using the Kugel-Khomskii model [22, 23] , which requires the correct choice of U, the Hunds exchange, and a proper estimate of charge transfer energies between different orbitals. However, because of the complex exchange paths involving different types of atoms and orbitals, such energies are difficult to estimate. Therefore, we chose a different route using the total energy calculations of various spin configurations, and then mapped the DFT total energies onto the corresponding Ising models [24] with the equation E total = Σij Jij σi σj, where Jij is the magnetic exchange interaction between the i th and j th sites and the σ's are the effective spin values corresponding to the respective sites. Although this method suffers from several drawbacks, such as the choice of spin configurations, and exchange-correlation functional, the method has helped in successfully estimating qualitative trends in exchange interactions for various types of materials [9] [10] [11] 25, 26] . We used both the GGA and GGA+U (Ueff Os =1 and 3 eV [14, 27] ) to estimate the exchange couplings. To probe the long-range exchange interaction, we created a 2 x 2 x 2 super-cell and considered five independent exchange pathways connecting various Os sites, as illustrated in Fig.2 (a) . The point to be noted that GGA and GGA+U calculation gave qualitatively same trend of exchange interactions for the three compounds with a slight decrease in absolute values due to inclusion of the U. The GGA results are listed in Table II , while GGA+U results are tabulated in supplementary material [35] Table III . We also cross-checked the convergence of J's values upon varying calculation parameters and found that it depends less than 1% on the calculation parameters such as plane wave cutoff, k-points, energy convergence and no of bands. Two interesting trends can be identified from the results. First, the short range Os-Os interactions are much larger than the long range Os-Os interactions. For example, the Os-O-B-O-Os nearest-neighbor interactions (J1, J2, and J3) are much stronger than the next-nearest neighbor interactions (J4, and J5). This trend is opposite to what we found in previous studies of 3d-5d double-perovskite Sr2CoOsO6 [9, 10] , Sr2FeOsO6 [11] , and Sr2NiIrO6 [28] , where the nearest-neighbor interactions are much weaker than the next-nearest one. The major electronic difference is that, in the present case Os is the only magnetically active site, whereas for the compounds in the previous studies [9, 10, 11, 28] both B (Fe, Co, Ni) and B' (Os, Ir) were magnetically active. Fig. 2(a) . Fig.3 .
Another interesting observation is that the strength of exchange-interactions is stronger for SYOO than for SIOO.
For example, the strongest nearest-neighbor interactions (J1, J2, and J3) for SYOO are almost double those of SIOO, while the next-nearest-neighbor interactions are an order of magnitude stronger for SYOO than for SIOO. These interesting differences can be visualized using a localized Wannier function representation. Fig.3 shows the plots of effective Wannier- which are much greater than for J4. It has been suggested in previous studies [9] [10] [11] [12] 28] that long-range 5d-5d interactions are much stronger than the short range one due to the extended nature of 5d wave functions. However, in the present case even though we have a magnetically active 5d site, the short-range Os-Os interactions (J1, J2, and J3) are much stronger than the long-range one (J4, J5), because of the presence of an interpenetrating nonmagnetic rather than magnetic B sublattice. Interestingly, both top panels show significant tails corresponding to the nearest neighbor interaction at the connecting Os sites, while the bottom panel shows almost no tails at the connecting sites. We also observed strong Os-t 2g tails at the neighboring Y sites, which are marked by dotted circles in Fig.3(a,b) ; these are completely absent in the case of In, as shown in Fig.3(c,d) . The pictorial representations of the Wannier orbitals clearly indicate the possible role of interpenetrating nonmagnetic Y or In sub-lattices in determining the overall magnetic interactions.
A point to be noted within the GGA and GGA+U description, experimentally observed AFM-I state is energetically higher than AFM-II, as shown in Figs. 2(b) and (c) respectively, however the inclusion of spin-orbit coupling (SOC) with the GGA drove the experimentally observed AFM-I to a value ~1.2 meV/f.u lower than the AFM-II. These results indicate a strong influence of SOC on the electronic structure, as has been suggested in recent studies [29] [30] [31] of 4d 3 and 5d 3 t2g systems. We calculated the exchange interactions including SOC for the three compounds and found that the relative strengths of the AFM interactions (J3) for SYOO (3.67 meV), SIOO (1.46 meV) and SSOO (5.55 meV) remained unchanged upon addition of SOC. Here we want to mention that, we restrict our self in evaluating only symmetric part of the exchange interactions, ignoring the anti-symmetric (Si x Sj) type of exchanges even in the presence of SOC. The anti-symmetric exchange will only arise due to canting of spins (Si x Sj) and in the collinear spin configuration, this part vanishes.
We neglected this anti-symmetric type of exchanges because, the experimentally observed antiferromagnetic configuration is a collinear AFM, where spins are aligned in parallel to the ab plane. Therefore, in-principle antisymmetric contribution would be negligible and to make a simplified description to capture the experimental observation, we ignore virtually negligible such complex exchanges in the present case. Moreover the calculated exchange interactions using a symmetric type exchange in the presence of SOC are able to reproduce the experimental trend transition temperatures in this series of compounds. Calculated magneto-crystalline energies (~1-1.5 meV/f.u) favors in-plane spin alignment consistent with the experimental observations. A point to be noted for all three compounds is that Os exhibits rather large orbital moment (-0.11 μB), oppositely aligned to that of the spin moments, which is expected for less than half-filled configurations. Although for halffilled t2g case, orbital moments should be quenched, large orbital moments may arise from strong mixing with O-2 p states as mentioned in the literature [21] .
From our calculations we found that SOC is really important to understand the magnetism in these Os based double-perovskite. We found significant orbital moment at the Os site, which is counter intuitive considering the half-filled t2g orbitals. The effective moment is substantially smaller than what would expect from spin-only value for S=3/2 (3.89 μB)
state and that only can be explained by taking both positive spin moment and negative orbital moment taken into account.
Therefore, our results, go with, results presented in Ref. [31] in context of Ba2YOsO6, Ref. [32, 33] in context of Sr2CrOsO6 and contrary to the result presented in Ref. [34] in the context of Sr2CrOsO6. In the Ref. [34] , the authors did not find any evidence of orbital moment at the Os site and based on that they claimed that SOC is not responsible for the finite net moment. Moreover, in the present series, we found that experimentally observed AFM structure can only be stabilized with the inclusion of SOC. Therefore, our results suggest that SOC is important to understand the magnetic behaviors in these materials, however, only symmetric type of exchange is enough to understand the basic experimental observations.
Because Os 5+ (5d 3 ), is the only magnetically active site in the two iso-structural, iso-electronic and iso-valent com- Table III . We found that the trend in exchange-interactions remains unchanged, with maximum difference of absolute values only ± 20%, which confirms that electronic configuration induced hybridization, not volume is the principle determining factor.
Conclusion
In summary, we did a comparative analysis of magnetic interactions in the double-perovskites, SYOO, SIOO and SSOO, with a single magnetically active Os site using DFT based first-principles calculations. Although it is known that non-magnetic cations may influence magnetic interactions, our studies provide direct evidence of the role played by the electronic configurations of non-magnetic transition metal cations. Our calculations reveal short-range Os-Os interactions are stronger than long-range Os-Os interactions in the present compounds unlike previous 3d-5d compounds (Sr2FeOsO6, Sr2CoOsO6). Although Y 3+ /Sc 3+ and In 3+ are non-magnetic, their electronic configurations, i.e., open shell (d 0 ) or closed shell (d 10 ), strongly influence hybridization with the Os states and the strength of exchange coupling. This leads to the largest TN for SSOO and the smallest for SIOO, which is consistent with both calculation and experimental observations.
The hybridization driven mechanism of enhanced magnetic coupling successfully explains the observed trend in TN for these systems investigated and can be generalized to the other systems. Our investigation also revealed the importance of SOC in terms of symmetric exchange to understand the magnetism in this series of materials. Our studies highlight the im- 
